The character of Raman spectra in the O-H stretching region collected at low temperatures (~-180°C) from fine-grained aggregates of ice and salt hydrate (hydrohalite or antarcticite or both) in the system H 2 O-NaCl-CaCl 2 reflects the composition of the parent solution and can be used to estimate the ratio of NaCl to CaCl 2 in the system. Comparison of these spectra with spectra collected from moderate-salinity natural fluid inclusions from the Oregon 3 granitic pegmatite, Colorado, allows non-destructive testing, and confirmation that these inclusions contain CaCl 2 , as inferred from microthermometry. In both synthetic solutions in the H 2 O-NaCl-CaCl 2 system and in natural fluid inclusions, Raman spectra collected after initial freezing indicate the presence of ice, but not salt hydrates. Upon warming, a phase change is observed at temperatures of between -70 and -50°C that appears as a darkening of the inclusion and that, during routine microthermometry, could be interpreted as a eutectic melting event. Raman spectra collected after this event indicate that it represents the crystallization of salt hydrates (hydrohalite and antarcticite), which we suggest occurs from an interstitial, hypersaline liquid. Many of the low "eutectic" temperatures reported in the literature may thus not represent first melting (stable or metastable), and inferences made about the composition of fluid inclusions from such measurements may be erroneous.
INTRODUCTION
In the microthermometric analysis of aqueous fluid inclusions, the temperature of first melting of a frozen inclusion is generally used to infer something about the identity of the electrolytes dissolved in the aqueous phase (Crawford 1981 , Roedder 1984 . These measurements are important because they tell us whether or not a particular model for the major-element composition of an inclusion is appropriate. For example, an equilibrium first-melting temperature well below the H 2 ONaCl eutectic implies that this simple binary system is inappropriate for modeling phase behavior in this particular inclusion. First-melting temperatures below the equilibrium eutectic temperatures in the H 2 O-NaCl and the H 2 O-NaCl-KCl systems (at -21.2 and -22.9°C, respectively) are generally used to infer that other cations (most commonly Ca 2+ , Mg 2+ , or Fe 2+ ) are present in solution (Crawford 1981 , Roedder 1984 , Goldstein & Reynolds 1994 . However, such first-melting temperatures are notoriously difficult to observe, especially in small inclusions, and are thus prone to error and misinterpretation. Furthermore, it is generally difficult to be confident that a change during warming of a frozen inclusion is, in fact, the appearance of liquid at the stable eutectic temperature. Indeed, alternative interpretations have been advanced that involve melting of a metastable assemblage (Davis et al. 1990 , Vanko et al. 1988 or devitrification of saline, aqueous glasses (Roedder 1984, p. 297) .
Final ice-melting temperatures below the eutectic temperatures of the H 2 O-NaCl and H 2 O-NaCl-KCl systems are less common, but are less ambiguous, and again require interpretation using a salt system in which such final ice-melting temperatures are possible. Inclusions with eutectic and final ice-melting temperatures below the stable eutectic in the H 2 O-NaCl-KCl system are most often interpreted in terms of the H 2 O-NaClCaCl 2 system, which is used to estimate salinity, and, in some cases, the ratio of NaCl to CaCl 2 in the inclusion. It would be very useful to determine, nondestructively, whether or not Ca is responsible for low first-melting or final ice-melting temperatures in individual inclusions and, thus, whether or not the system H 2 O-NaCl-CaCl 2 is appropriate for modeling such inclusions. We tackle this problem here in the context of our investigation of the system H 2 O-NaCl-CaCl 2 . Dubessy et al. (1982) demonstrated that salt hydrates can be identified in individual fluid inclusions using Raman spectroscopy. This goal was achieved by growing large crystals (> 100 m) in both synthetic solutions and in natural fluid inclusions, and collecting Raman spectra from these crystals at temperatures of between -170 and -175°C. They were able to distinguish various salt hydrates in inclusions by the character of spectra in the OH-stretching region (3000-3600 cm -1 ) and by comparison with spectra collected from synthetic hydrates. At such low temperatures, band widths are narrower than at higher temperatures, allowing better resolution of the closely spaced hydrate peaks.
BACKGROUND INFORMATION
In the system H 2 O-NaCl-CaCl 2 , the stable solid assemblage below the eutectic temperature is icehydrohalite (NaCl•2H 2 O) -antarcticite (CaCl 2 •6H 2 O) (Yanatieva 1946 , Crawford 1981 . Except in very CaCl 2 -rich solutions, antarcticite will melt at the ternary eutectic temperature upon warming a frozen mixture in this system. It is therefore impossible to grow large crystals of antarcticite in most natural inclusions from which Raman spectra could be obtained. An alternative approach, and one which we have employed here, is to collect spectra from the fine-grained aggregate of crystals that constitute the frozen inclusions. This approach has the added advantage that it can potentially provide information about the bulk composition of the inclusion because the relative proportions of the various hydrates should reflect the relative abundance of the electrolytes in the fluid inclusion.
We have carried out, and report here, a pilot study in which we have collected Raman spectra from frozen, synthetic solutions in the system H 2 O-NaCl-CaCl 2 and from natural fluid inclusions which, based on microthermometric analysis, were considered to contain CaCl 2 . This study was conducted to assess whether useful information about the bulk composition of aqueous fluid inclusions can be obtained with this method. We show that this is the case and, in addition, that some phase changes observed below the stable eutectic temperature represent crystallization, rather than melting events.
METHODS
All Raman spectra were collected on an I.S.A. Jobin Yvon THR 1000 Raman spectrometer fitted with a liquid-N 2 -cooled CCD detector. Excitation was achieved using an ionized argon Lexel laser tuned to 514.5 nm. Integration times typically ranged from 3 to 10 s (up to 50 s); in most cases, three spectra were coadded. Low temperatures were achieved with a Linkam fluid inclusion system comprising a THM600 stage, TMS91 programmable temperature controller, and a CS196 liquid nitrogen pump. Spectra were obtained at temperatures between -175 and -185°C. Synthetic solutions were analyzed within thin (~<1 mm o.d.) capillary tubes manufactured by heating and stretching glass tubing. Fluid inclusions were analyzed in doubly polished wafers 100-200 m thick.
Synthetic solutions
Synthetic solutions in the H 2 O-NaCl, H 2 O-CaCl 2 , and H 2 O-NaCl-CaCl 2 systems were prepared from Fisher analytical grade NaCl and CaCl 2 . The NaCl and CaCl 2 binary solutions were prepared at 15 and 20 wt.% salt, respectively, to provide abundant salt hydrate upon freezing but to be below saturation with any solid phase at room temperature. Solutions in the ternary system were prepared by mixing these two stock solutions at weight ratios of 1:2, 1:1, and 2:1 (NaCl:CaCl 2 ).
Fluid inclusions
The fluid inclusions used for analyses are from the Oregon 3 rare-element granitic pegmatite in Colorado. This is one of many rare-element granitic (NYF-type) pegmatites that comprise the South Platte district within the northern portion of the Proterozoic, Pikes Peak batholith (Simmons & Heinrich 1980 , Simmons et al. 1999 . The quartz core of this pegmatite contains abundant, large, secondary aqueous inclusions. These comprise liquid-vapor inclusions and inclusions that contain one or more typically small crystals that include halite and anhydrite (Levasseur 1997 , Levasseur & Samson 1996 . The relative proportions of liquid, vapor and halite in the halite-bearing inclusions are consistent, indicating that the halite is a daughter mineral. Some halite-bearing inclusions also contain a birefringent, fibrous solid that has not been identified and that likely is a trapped phase. These fibrous crystals may also occur in halite-free inclusions. Some inclusions also contain one or more crystals of anhydrite, identified using Raman spectroscopy .
First-melting temperatures of the halite-free inclusions, as measured by Levasseur (1997) , were found to range from -71 to -17°C, whereas in the halite-bearing inclusions, they range from -63 to -29°C. Final icemelting temperatures for the same inclusions were found to range from -49 to 0°C and -42 to -20°C, respectively (Levasseur 1997) . The low eutectic and final ice-melting temperatures both indicate that the H 2 O-NaCl system is inadequate as a model for this phase behavior. Given that this granitic pegmatite contains a significant quantity of both magmatic and hydrothermal fluorite (Simmons & Heinrich 1980) , it is reasonable to hypothesize that the low temperatures are caused by CaCl 2 in the inclusions. This was subsequently borne out by the work reported here and by decrepitate analyses of the inclusions using scanning electron microscopy (SEM; Walker 1997 ). When modeled in the H 2 O-NaCl-CaCl 2 system, the phase behavior described above, along with temperatures of halite dissolution, indicate that the salinity of the inclusions ranges from 0 to 35 equiv. wt. % NaCl + CaCl 2 . In this pilot study, we concentrated on inclusions of moderate to high salinity to maximize the likelihood of obtaining spectra with detectable hydrate peaks.
RESULTS

Synthetic solutions
Low-temperature Raman spectra for water and various solutions in the H 2 O-NaCl, H 2 O-CaCl 2 , and H 2 ONaCl-CaCl 2 systems are shown in Figure 1 . The spectral range shown (3000 to 3600 cm -1 ) corresponds to the region containing the strongest Raman bands for ice and the salt hydrates. The bands are generated by internal stretching vibrational modes for the H 2 O molecules in the hydrate structure (Falk & Knop 1973 , Dubessy et al. 1982 . A discussion of the assignments of the bands in this region for the common salt hydrates was given by Dubessy et al. (1982) .
The spectrum for the H 2 O solution (Fig. 1a) shows two prominent peaks at ~3092 and 3216 cm -1 , and some weaker features at higher wavenumbers. These peaks, which are also present in all of the salt-solution spectra (Figs. 1b through 1f ), correspond to O-H stretching vibrations in ice (Taylor & Whalley 1964 , Whalley 1977 . Although Dubessy et al. (1982) assigned these peaks to hexagonal ice (Ih), the Raman spectra of cubic ice (Ic) and Ih are identical (Taylor & Whalley 1964 , Whalley 1977 ; Ic should be the stable phase at the temperatures the spectra were collected (Bertie et al. 1963 , Franks 1972 .
Four peaks that cannot be ascribed to ice are evident in the H 2 O-NaCl spectrum (Fig. 1b) . These may be assigned to the O-H stretching modes in hydrohalite FIG. 1. Raman spectra of the O-H stretching region (3000 to 3600 cm -1 ) of frozen solutions of water, and various compositions in the H 2 O-NaCl-CaCl 2 system. All spectra were collected at between -175 and -185°C in thin-walled glass capillary tubes. The NaCl solution contains 15 wt.% NaCl, and the CaCl 2 solution 20 wt.% CaCl 2 . The ratios given for the NaCl-CaCl 2 mixtures (2:1, 1:1, and 1:2) refer to weight ratios of the two stock solutions that were mixed. The peaks shown in the H 2 O spectrum (and which are also visible in the other spectra) correspond to ice. The additional peaks labeled in spectra b and f are from hydrohalite and antarcticite, respectively. These latter peaks form composite peaks in the mixed-solution spectra. (Dubessy et al. 1982) at 3403, 3420, 3435, and 3536 cm -1 . Similarly, the H 2 O-CaCl 2 spectrum exhibits the principal O-H stretching bands for antarcticite at 3386, 3406, and 3432 cm -1 (Dubessy et al. 1982) . The NaClCaCl 2 mixtures (Figs. 1c, d , and e) all contain the hydrohalite peak at 3536 cm -1 and a set of composite peaks in the 3380 to 3450 cm -1 region. The 3420 cm -1
hydrohalite peak is present in all three mixtures but diminishes in intensity relative to the other peaks with increasing Ca content (from Figs. 1d to 1c to 1e). The 3403 cm -1 and 3406 cm -1 peaks of hydrohalite and antarcticite overlap sufficiently to appear as a single peak at about 3404 cm -1 in the mixtures. The same is true of the 3435 cm -1 (hydrohalite) and 3432 cm -1 (antarcticite) peaks, which combine to form a peak at 3434 cm -1 . Because the 3432 cm -1 peak is the most intense of the antarcticite peaks, the composite peak at 3434 cm -1 is the dominant peak in the Ca-rich mixture (Fig. 1e) . The weakest of the antarcticite peaks (3386 cm -1 ) only appears in the Ca-rich mixture as a shoulder (Fig. 1e) .
Fluid inclusions
Spectra obtained after initial rapid freezing of most inclusions show the peaks of ice, but few other spectral features (Fig. 2) . In the region between 3380 and 3550 cm -1 , where the principal hydrate peaks should occur, response is either relatively flat (Fig. 2b) or, more commonly, contains a broad peak centered at about 3440 cm -1 (Fig. 2c) . Upon warming such frozen inclusions, a phase change was commonly observed between about -70 and -50°C, and in some cases, as low as -90°C. This is either manifested as a darkening of the solid assemblage or (less commonly) as a wave of darkening that sweeps across the inclusion. Similar phenomena were observed in the synthetic mixtures. After this phase change was observed, prior to any further warming, the inclusions were cooled quickly to ~-180°C and spectra taken. These spectra (Fig. 3) are characterized by the presence of peaks between 3350 and 3560 cm -1 , which correspond to the peak positions for hydrohalite and antarcticite, in addition to the ice peaks. During continued warming after the initial phase change, significant melting was observed at temperatures between -49 and -45°C. Inclusions were initially frozen rapidly from room temperature, warmed to between -70 and -50°C until a darkening of the inclusion was observed, and then cooled to around -180°C, at which temperature the spectra were obtained. These spectra contain peaks that can be assigned to ice and hydrohalite, at 3092 and 3536 cm -1 , respectively, and a series of composite peaks between 3350 and 3460 cm -1 that correspond to a mixture of hydrohalite and antarcticite (cf. Fig. 1 ).
In comparison with the spectra obtained on synthetic solutions in Figure 1 , it can be seen that they qualitatively most resemble the 2:1 NaCl:CaCl 2 mixture (Fig. 1c) . The 3422 cm -1 peak is the most intense, and the 3406 and 3435 cm -1 peaks are subequal in intensity. The presence of antarcticite is indicated by the relatively high intensity of the 3435 cm -1 peak, which in the NaClonly spectrum (Fig. 1b) is less intense than the 3403 cm -1 peak.
It was not always possible to obtain spectra with well-defined hydrate peaks, even after thawing and refreezing the inclusion as described above. In such inclusions, the region in which the hydrate peaks should appear was typically marked by a weak to intense very broad peak, centered at approximately 3440 to 3450 cm -1 (Fig. 4) .
Modeling
In order to evaluate the contributions of various hydrates to the composite peaks in the 3350 to 3460 cm -1 region of the inclusion spectra, we mathematically modeled the spectra obtained. Spectra were smoothed, and Lorentzian functions were fitted to the spectra over the range of interest (Fig. 5) . In some cases, a baseline correction was applied prior to fitting. For each pair of graphs in Figure 5 (a through d) , the individual points on the upper graphs represent the original, smoothed spectrum. The lower graphs show the individual Lorentzian peaks used to model the spectrum, and the solid line on the upper graphs represents the modeled spectrum based on these peaks. Excellent fits to the spectra acquired from synthetic solutions are obtained with peaks centered at 3402, 3420, and 3435 cm -1 for H 2 O-NaCl (Fig. 5a ) and at 3389, 3406, and 3433 cm -1 for H 2 O-CaCl 2 (Fig. 5b) . These six peaks also provide very good fits of the composite peaks in spectra obtained from mixed H 2 O-NaCl-CaCl 2 solutions (Fig. 5c) , and indicate that the mixed spectra are simply combinations of the peaks present in the binary mixtures. Very good fits also were found from spectra obtained from inclusions (Fig. 5d ) in models using the same peak positions of hydrohalite and antarcticite used to model the synthetic solutions. This agreement indicates that Na and Ca are the only abundant hydrate-forming cations present in the inclusions. Spectra of Mg and Fe hydrates are sufficiently distinct from those of hydrohalite and antarcticite (Dubessy et al. 1982 ) that the strong Raman bands for these phases would not be masked by the bands of hydrohalite and antacticite, and thus would be visible if Mg or Fe hydrates were present in sufficient quantities in the inclusions.
DISCUSSION AND CONCLUSIONS
As the data presented in Figure 1 clearly show, the character of Raman spectra of the hydrates in the stretching region obtained from fine-grained aggregates of synthetic solutions reflects the bulk composition of the fluid. In this study, only qualitative statements can be made with any confidence about the presence or absence of CaCl 2 , although some semiquantitative statements about the relative abundance of NaCl and CaCl 2 are possible. Whether this technique could be used to quantify the relative amounts of NaCl and CaCl 2 will require further study. Even if an acceptable calibration curve can be constructed using synthetic solutions (either in capillary tubes or in synthetic inclusions), application of this approach to natural inclusions will be limited by the quality of spectra obtained from the latter, as such spectra tend to show significant noise. Nevertheless, we have been able to obtain spectra of sufficient quality from natural fluid inclusions to allow us to determine whether or not dissolved CaCl 2 is present in the inclusions studied.
The spectra obtained after initial cooling of inclusions indicates that ice typically forms during initial freezing, but that hydrates do not (Fig. 2) . In other words, a disequilibrium solid assemblage exists in these inclusions upon simple cooling. Subsequent warming of these inclusions induces a phase change, typically between approximately -70 and -50°C, that represents the crystallization of hydrohalite and antarcticite. This is indicated by the character of Raman spectra collected after this event, which contain peaks for these compounds (Fig. 3) . The crystallization of these phases FIG. 4 . Raman spectra of two fluid inclusions that have been repeatedly frozen and thawed, but which did not yield peaks for salt hydrates. Rather, they are characterized by the main ice peaks and by broad peaks at higher wavenumbers.
could either occur at the expense of a hypersaline liquid interstitial to the ice crystals, or of a saline, aqueous glass. In the latter case, the crystallization would represent devitrification. At low temperatures, H 2 O may exist as a variety of amorphous solids (glasses) that include high-density amorphous ice and low-density amorphous ice (Handa et al. 1986 , Tulk et al. 1998 . With increasing temperature, such amorphous phases convert to crystalline ice. The transition temperature for high-density to low-density amorphous ice is reported to be -159°C by Handa et al. (1986) . When amorphous ice crystallizes, it does so as cubic ice (Ic) at temperatures of between -129 and -114°C (Handa et al. 1986 , Hallbrucker et al. 1989 , and then converts to hexagonal ice at higher temperatures. The temperature of transformation from cubic to hexagonal ice does not appear to be well constrained, as several different values have been measured; Bertie et al. (1963) place the transition at between -130 and -120°C, McMillan & Los (1965) , at around -87°C, and Handa et al. (1986) , at between -89 and -41°C. The variability, at least in part, appears to reflect heating rates and the thermal history of the sample (Bertie et al. 1963 , Handa et al. 1986 ). There is also some evidence that amorphous ice may convert directly to hexagonal ice, particularly where relict crystals of hexagonal ice serve as nucleation sites (Handa et al. 1986) .
The Raman spectra of the amorphous ice phases are characterized by a broad Raman peak that varies in position from ~3280 to 3340 cm -1 depending on the phase measured (Klug et al. 1987 , Tulk et al. 1998 . The breadth of this peak, at least in part, reflects a wide range in the strength of the hydrogen bond (Tulk et al. 1998) . The broad peaks in our spectra (Fig. 2 ) are centered at higher wavenumbers (~3430-3470 cm -1 ) than would be expected for amorphous ice.
The presence of the ice peaks in our spectra indicates that crystalline ice has formed. It is conceivable, however, that the residual saline liquid forms a vitreous solid. Although vibrational spectroscopic studies have been carried out on glasses formed in aqueous salt systems (e.g., Tao et al. 1991) , we are not aware of any spectra measured in the O-H-stretching region, nor of any assessment of the incorporation of salt into the structure of amorphous ice, which would presumably cause shifts in the position of the Raman bands. Certainly, O-H-stretching vibrations in silicate glasses produce broad Raman bands between 3300 and 3700 cm -1 (McMillan et al. 1983 , Mysen & Virgo 1985 , McMillan & Remmele 1986 , such that this is not an unreasonable suggestion.
Alternatively, the broad peak represents O-Hstretching vibrations in liquid H 2 O, which form a broad asymmetrical peak at ~3450 cm -1 (Walrafen 1964 (Walrafen , 1972 and which represent overlapping peaks corresponding to H 2 O molecules in different structural configurations. With increasing salinity, the shape of this band becomes more symmetrical but remains centered at ~3450 cm -1 as the intensities of the lower-frequency peaks diminish (Walrafen 1962 , Mernagh & Wilde 1989 . The position and shape of the broad band in our spectra are, therefore, more consistent with the presence of a saline, aqueous solution, rather than a glass, although without Raman spectra of saline glasses, the latter possibility cannot be ruled out. The rapidity with which the hydrates crystallize also suggests that they form from a liquid rather than a glass (cf. Roedder 1984) .
However, there is experimental evidence that aqueous glasses liquify prior to crystallization of ice upon warming; the temperature at which the glass converts to a liquid is known as the glass transition (T g ). In pure H 2 O, the glass transition has been measured at between -144 and -135°C (McMillan & Los 1965 , Johari et al. 1987 , Hallbruker et al. 1989 , although not all investigators interpret this transition as a change from glass to liquid (Fisher & Devlin 1995) . With the addition of salt, T g is raised and increases with increasing salinity (Angell & Sare 1970) . LiCl, the only chloride salt of a monovalent cation studied by Angell & Sare (1970) , had less effect on T g than chloride salts of polyvalent cations or nitrate and sulfate salts. If NaCl has a similar effect, T g would be raised to around -110°C in a solution containing 25 mole % salt. Calcium chloride has a more pronounced effect and would require concentrations of approximately 20 mole % to raise T g to -60°C. Thus, significant concentrations of dissolved salt in the residual liquid in the inclusions could allow glass to exist up to the temperatures at which the hydrates crystallize in our inclusions. However, aqueous glasses are difficult to form by supercooling liquid H 2 O (Brüggeller & Mayer 1980 ) except from aerosols (Brüggeller & Mayer 1980 , Mayer 1985 , and are more commonly formed by vapor deposition (Burton & Oliver 1935) or through the conversion of ice at high pressures (Mishima et al. 1984) . All of the evidence we have favors a model in which ice forms on initial cooling, leaving a residual, interstitial, hypersaline liquid. On warming, the salt hydrates crystallize from this liquid.
Phase transitions in synthetic inclusions in the system NaCl-CaCl 2 -H 2 O at temperatures between -90 and -70°C have been attributed to melting events at metastable eutectics and on liquidi above these eutectics (e.g., Davis et al. 1990 , Vanko et al. 1988 ). We do not dispute that such melting may occur; the data presented above, however, indicate that at least some phase transitions between about -70 and -50°C represent a crystallization event and not a melting event. Significant melting is observed in the inclusions studied at temperatures slightly above (~-49°C) the equilibrium eutectic temperature in the system NaCl-CaCl 2 -H 2 O (-52°C); this presumably represents a case of equilibrium melting. In interpreting low-temperature phase equilibria in the system NaCl-CaCl 2 -H 2 O, Davis et al. (1990) suggested that a CaCl 2 hydrate generally forms (either stable CaCl 2 •6H 2 O or metastable CaCl 2 •4H 2 O), but that hydrohalite commonly does not form. Our data suggest that, typically, no hydrates form.
The character of this phase change and the temperatures at which it occurs would, in most inclusions, lead to the interpretation that this is a eutectic melting event. If interpreted as a stable eutectic, the interpretation that the fluid contains salts other than NaCl and CaCl 2 would be wrong. Thus because of the demonstrated existence of crystallization events in this study and the possibility of metastable melting events (Davis et al. 1990 , Vanko et al. 1988 , apparent eutectic temperatures below -50°C in natural fluid inclusions may be erroneous, and the interpretation of such measurements in terms of a complex fluid chemistry may be unwarranted.
Mathematical modeling of the inclusion spectra indicates that the composite hydrate peaks in the 3380-3450 cm -1 region can be adequately explained by hydrohalite and antarcticite peaks. This is consistent with data obtained from SEM examination with analysis of decrepitate residues by energy-dispersion spectrometry (EDS) and from laser-ablation inductively coupled plasmamass spectrometry (ICP-MS) analyses ) on the same inclusions, which indicate that NaCl and CaCl 2 are the dominant salts in solution. We recommend that, wherever possible, interpretation of phase behavior, such as low eutectic temperatures, in aqueous fluid inclusions using multicomponent systems be based on elemental analysis of inclusions.
